T he counterregulatory response to insulininduced hypoglycemia in vivo consists of an increase in glucagon secretion and a decrease in insulin release, in addition to changes in the plasma levels of other hormones and metabolites. However, insulin is known to inhibit its own release and to reduce glucagon secretion. Therefore, it has been difficult to separate the effects of hypoglycemia per se from those of combined hyperinsulinemia and hypoglycemia on insulin and glucagon secretion.
T
he counterregulatory response to insulininduced hypoglycemia in vivo consists of an increase in glucagon secretion and a decrease in insulin release, in addition to changes in the plasma levels of other hormones and metabolites. However, insulin is known to inhibit its own release and to reduce glucagon secretion. Therefore, it has been difficult to separate the effects of hypoglycemia per se from those of combined hyperinsulinemia and hypoglycemia on insulin and glucagon secretion.
A recent study made use of a glycogen phosphorylase inhibitor to create mild hypoglycemia in the conscious dog by reducing glucose production, thereby avoiding the confounding affects of hyperinsulinemia (1) . In that study, a change in glycemia of only 0.6 mmol/l (5.8 Ϯ 0.2 to 5.2 Ϯ 0.3 mmol/l by 30 min) resulted in a significant fall in plasma insulin and a significant rise in plasma glucagon. A glucose level of 5.2 mmol/l is much higher than the traditional threshold of 3.8 mmol/l generally thought to be required for the ␣-cell response to insulin-induced hypoglycemia in humans (2) and dogs (3) . It thus seems that the ␣-cell is more sensitive to a decline in glucose than previously thought. The ␤-cell, however, has already been shown to respond to small changes in glucose during insulin-induced hypoglycemia. Specifically, plasma c-peptide levels, an index of insulin secretion, fell as glucose decreased from 5.1 to 4.9 or from 4.7 to 4.4 mmol (4, 5) . Our previous data obtained using the glycogen phosphorylase inhibitor showed that the ␤-cell also responds sensitively to hypoglycemia in the absence of exogenous insulin administration (1) .
The exact mechanism by which insulin secretion is controlled in response to hypoglycemia is controversial. Although insulin secretion in vivo seems to be very sensitive to small changes in glucose, work in isolated rodent islets has shown that insulin secretion does not change when the glucose concentration falls from ϳ4.5 to 0 mmol/l (6, 7) . This could mean that insulin secretion had already been maximally inhibited at a glucose level in the 4 -5 mmol/l range. This is conceivable, especially because the threshold for a decrease in insulin secretion in rodent islets is most likely higher than for canine islets, as a result of the increased fasting plasma glucose level in rodents. However, this failure of a small fall in glucose to inhibit insulin could also mean that some factor, such as an intact nervous system or an intact circulatory system, allows for the sensitive control of the ␤-cell in vivo and that this control is lost in vitro. In support of neural regulation, epinephrine (released from the adrenal medulla in response to sympathetic nerve stimulation) and norepinephrine (the classical sympathetic nervous system [SNS] neurotransmitter) both have been shown to increase during hypoglycemia and to inhibit insulin secretion both in vitro and in vivo (8 -10) . Additional evidence to suggest that the SNS can control ␤-cell insulin release is that direct stimulation of sympathetic nerves results in an inhibition of insulin secretion (11) . In addition to the SNS, the parasympathetic nervous system (PNS) is activated during hypoglycemia, as evidenced by an increase in pancreatic polypeptide (PP) release (8) . However, parasympathetic stimulation increases insulin secretion, which goes against a role for the PNS in the counterregulatory response of the ␤-cell to hypoglycemia (8, 12) .
The increase in plasma glucagon seen in response to hypoglycemia also may be mediated, in part, by the nervous system. In support of neural regulation, epinephrine is elevated and the SNS and PNS are activated during hypoglycemia, and all are capable of stimulating glucagon secretion in vivo (11, (13) (14) (15) . In addition, studies in a variety of animals in which both PNS and SNS inputs to the pancreas were blocked have shown a significantly lower glucagon response to insulin-induced hypoglycemia than in control animals (16 -19) .
From our earlier work using the glycogen phosphorylase inhibitor to create non-insulin-induced hypoglycemia, it is clear that both ␣-and ␤-cells adjust hormone secretion in response to very small decrements in the plasma glucose level. This sensitive response is probably responsible for the alterations seen in plasma insulin and glucagon levels when the plasma glucose levels fall as a result of food deprivation (20) . There seems to be a difference in the counterregulatory response of the ␣-cell to a given hypoglycemia when a fall in glucose is the initiating event, as opposed to a rise in insulin. This difference may well be explained as the responsiveness of the ␣-cell to insulin and the differing insulin levels, yet the mechanism for this effect remains unclear. The aim of the present study was to assess whether the presence of extrinsic pancreatic innervation is necessary for the ␣-cell response to non-insulininduced hypoglycemia. In addressing this aim, one set of dogs underwent total extrinsic pancreatic denervation (PDN [study group]) while another set underwent sham denervation (control [CON] group). Two weeks later, a glycogen phosphorylase inhibitor was used to create mild, non-insulin-induced hypoglycemia, and the insulin and glucagon responses were measured.
RESEARCH DESIGN AND METHODS
Animals and surgical procedures. Studies were performed on 14 overnightfasted conscious mongrel dogs of either sex (24.4 Ϯ 0.8 kg). Animals were fed once daily a diet of meat (Kal Kan, Vernon, CA) and chow (Purina Lab Canine Diet No. 5006; Purina Mills, St. Louis, MO) composed of 46% carbohydrate, 34% protein, 14% fat, and 6% fiber based on dry weight. The animals were housed in a facility that met American Association for the Accreditation of Laboratory Animal Care guidelines, and the protocols were approved by the Vanderbilt University Medical Center Animal Care Committee.
Approximately 16 days before the study, a laparotomy was performed under general anesthesia (15 mg/kg body wt sodium pentothal presurgery; 1.0% isoflurane as an inhalation anesthetic during surgery). Ultrasonic flow probes (Transonic Systems, Ithaca, NY) were positioned around the portal vein and superior pancreaticoduodenal vein (SPDV). Silastic catheters for blood sampling were inserted into a femoral artery (n ϭ 14), the portal vein (n ϭ 14), and the SPDV (n ϭ 12). Placement of the SPDV flow probe and catheter is described in detail elsewhere (21) . The catheters were filled with heparinized saline (200 units/ml; Abbott Laboratories, Chicago, IL), and the free ends were knotted. The free ends of the catheters and the flow probe leads were placed in subcutaneous pockets until the study day. Of the 14 dogs, 5 had a catheter implanted in the stomach to facilitate drug delivery. The route of delivery (gastric versus oral) made no difference in drug effectiveness. During surgery, the dogs in the experimental group (PDN; n ϭ 7) underwent a pancreatic denervation procedure, described by Coker et al. (22) , that involved cutting all extrinsic nerves and separating pancreatic tissue from the duodenum. Dogs in the control group (CON; n ϭ 7) underwent sham denervation. The animals were studied only when the following criteria were met: 1) leukocyte count Ͻ18,000/mm 3 , 2) hematocrit Ͼ35%, 3) good appetite, and 4) normal stools.
On the morning of the study, Doppler leads and catheters were exteriorized under local anesthesia (2% lidocaine; Abbott Laboratories). Each dog was placed in a Pavlov harness, the contents of the catheters were aspirated, and the catheters were flushed with saline and subsequently used for blood sampling. Angiocaths (20 gauge; Becton Dickinson, Sandy, UT) were inserted into the right and left cephalic veins for infusion of glucose, insulin, and atropine as needed. Experimental design. Each experiment consisted of a 100-min acclimation period (Ϫ140 to Ϫ40 min) during which the conscious dog became accustomed to the room and the Pavlov harness. This was followed by a 40-min control period (Ϫ40 to 0 min) and a 180-min experimental period (0 to 180 min), throughout which blood samples were drawn from the artery, portal vein, and pancreatic vein. At the start of the experimental period, Bay R3401 (10 mg/kg in a 0.5% methyl cellulose/water solution [50 ml]) was given orally or intragastrically (if a stomach catheter had been implanted during surgery). Three CON and four PDN dogs had an additional 90-min experimental period (180 to 270 min) to test further the extent of denervation. During this period, insulin (Eli Lilly, Indianapolis, IN) was infused peripherally (8 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 ) to lower the plasma glucose level and thereby stimulate the autonomic nervous system. During this period, glucose (20% Dextrose; Baxter Healthcare, Deerfield, IL) was infused via a peripheral vein to clamp plasma glucose at 2.7 mmol/l. Atropine sulfate was then infused peripherally (0.4 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ; Sigma Chemical, St. Louis, MO) from 225 to 270 min to block the majority of the insulin-induced stimulation of the PNS by blocking muscarinic acetylcholine receptors. In general, muscarinic antagonists are used to inhibit the PNS because muscarinic receptors are found in various tissues and are stimulated by postganglionic parasympathetic acetylcholine release, whereas nicotinic receptors are found primarily on postganglionic neurons and are stimulated by preganglionic acetylcholine release. Samples were drawn twice during the insulin infusion period and twice during the insulin and atropine infusion period. After completion of an experiment, the animal was killed and tissue samples from three areas of the pancreas were clamped with precooled tongs, frozen in liquid nitrogen, and stored at Ϫ70°C for the later measurement of norepinephrine. In addition, samples from each of the seven lobes of the liver were taken from two CON and two PDN dogs for analysis of liver norepinephrine content. This was done to ensure that the pancreatic denervation had not affected liver innervation. Analytical procedures. One milliliter of the collected blood was placed in a tube that contained 20 l of 0.2 mol/l glutathione (Sigma Chemical) and 1.8 mg of EGTA (Sigma) for catecholamine measurement, and the remaining blood was placed in a tube that contained potassium EDTA (1.6 mg of EDTA/ml; Sarstedt, Numbrecht, Germany). After gentle mixing, 1 ml of whole blood with EDTA was pipetted into a tube that contained 3 ml of 4% perchloric acid, which was used later for metabolite measurements. The catecholamine, whole blood, and metabolite tubes were centrifuged at 3,000 rpm for 7 min. Supernatants from these tubes were placed in an ice bath during the experiment and then stored at Ϫ70°C until the assays were run. Plasma from the catecholamine tubes was used to determine epinephrine and norepinephrine levels by high-pressure liquid chromatography (HPLC) with interassay coefficients of variation (CVs) of 7 and 6%, respectively (23). The deproteinized supernatants from the metabolite tubes were used for whole-blood measurements of lactate, alanine, ␤-hydroxybutyrate (BOHB), and glycerol according to the method of Lloyd et al. (24) adapted to the Monarch 2000 centrifugal analyzer (Monarch, Lexington, MA). Enzymes and coenzymes for these metabolic assays were purchased from Sigma Chemical and BoehringerMannheim Biochemicals (Mannheim, Germany).
The plasma samples were used for all other measurements. Glucose concentrations were immediately determined from four 10-l aliquots of plasma using the glucose oxidase method with a glucose analyzer (Beckman Instruments, Fullerton, CA). Immunoreactive plasma insulin was measured using a double-antibody radioimmunoassay (RIA) with an interassay CV of 7% (Linco Research, St. Charles, MO). Immunoreactive plasma glucagon and plasma PP (to each of which 500 KIU/ml Trasylol was added; FBA Pharmaceuticals, New York, NY) were also measured using a double-antibody RIA with interassay CVs of 7 and 9%, respectively. C-peptide (in plasma to which 500 KIU/ml Trasylol had been added) was measured at the University of Chicago (Department of Medicine, Section of Endocrinology) by an RIA. Plasma cortisol was measured using a ␥-coat RIA (Diagnostic Products, Los Angeles, CA) with an interassay CV of 8%. Nonesterified fatty acids (NEFAs) were determined with an enzymatic colorimetric assay (Wako NEFA C test kit; Wako Chemicals, Richmond, VA) on a Monarch 2000 centrifugal analyzer, with an interassay CV of 3%.
Frozen tissue samples were ground into powder, and 5 mmol/l glutathione in 0.4 N perchloric acid was added to achieve 10% wt/vol extract. The solution was homogenized, the sample was centrifuged, and the supernatant was decanted and frozen. Epinephrine and norepinephrine were then measured by HPLC as for plasma catecholamine levels. Calculations. Hormone secretion was calculated in each group by multiplying portal vein plasma flow by the [portal vein Ϫ arterial] plasma hormone difference. It should be noted that the arterial hormone concentration was adjusted using factors of 0.7 for insulin and 0.92 for glucagon. These correction factors were used because the gut has been shown to destroy some of the insulin (25) and glucagon (26) in blood as the organ is perfused. Because portal flow probes were implanted only in four dogs in each group, the flow data for the four dogs were averaged and used as the flow data for the three remaining dogs in each group that did not have probes. The SPDV data could not be used for estimating secretion, as the SPDV catheter and flow probe functioned only concurrently in two CON and one PDN dog. In fact, this deficit led to the implantation of portal flow probes in some dogs to allow calculation of hormone secretion, which explains why portal flow data were not available for all animals. Statistical analysis. Data are expressed as mean Ϯ SE. Statistical comparisons for Figs. 1-6 and Table 1 were made by two-way analysis of variance (ANOVA) with repeated-measures design run on SYSTAT (Cary, NC). Post hoc analysis was performed with use of the univariate F test when ANOVA yielded significant results between or within the groups to determine more specifically when the differences existed (SYSTAT). Figure 7 was analyzed via independent t test (SYSTAT). Statistical significance was accepted at P Ͻ 0.05.
RESULTS
Glucose and hormone levels. Basal plasma glucose ( Fig.  1 ) was similar in both groups (6.04 Ϯ 0.13 mmol/l in CON, 5.93 Ϯ 0.15 mmol/l in PDN) and reached minima of 5.00 Ϯ 0.11 and 4.92 Ϯ 0.28 mmol/l, respectively (P Ͻ 0.05 for both groups). Arterial plasma insulin (Fig. 2) fell from 59 Ϯ 9 pmol/l to a minimum of 20 Ϯ 6 pmol/l in CON and from 45 Ϯ 6 pmol/l to a minimum of 14 Ϯ 5 pmol/l in PDN (P Ͻ 0.05 for both groups). The fall in portal plasma insulin mirrored the fall in arterial plasma insulin. The portalarterial insulin gradient (Fig. 3) decreased from 105 Ϯ 34 pmol/l to a minimum of 17 Ϯ 7 pmol/l in CON and 73 Ϯ 23 to a minimum of 8 Ϯ 2 pmol/l in PDN (P Ͻ 0.05 for both groups). Plasma C-peptide levels, an index of insulin secretion, were consistent with the insulin data and fell significantly upon administration of the drug. There was no significant difference between CON and PDN in glucose, insulin, or C-peptide levels. Arterial plasma glucagon (Fig. 4) reached a similar maximum in CON and PDN (54 Ϯ 5 to 73 Ϯ 8 ng;l; 43 Ϯ 4 to 72 Ϯ 9 ng/l, respectively; P Ͻ 0.05 for both groups). The rise in portal plasma glucagon mirrored the rise in arterial plasma glucagon (P Ͻ 0.05). The portal-arterial glucagon gradient increased from 12 Ϯ 5 to 35 Ϯ 19 ng/l in CON and from 10 Ϯ 2 to 35 Ϯ 12 ng/l in PDN (P Ͻ 0.05). Cortisol, epinephrine, and norepinephrine levels remained unchanged throughout the experiment in both CON and PDN ( Table 1 ). There were no significant differences between CON and PDN for any of these parameters. Metabolite measurements. Arterial blood lactate and alanine levels fell significantly with time in response to the mild hypoglycemia (P Ͻ 0.05) (Fig. 5 ). There were no significant differences between CON and PDN with regard to lactate or alanine at any time. Arterial blood glycerol, BOHB, and arterial plasma NEFA levels all increased in response to mild hypoglycemia (Fig. 6) . The rise in the glycerol level in CON approached significance (P ϭ 0.051), whereas all other changes were significant (P Ͻ 0.05). There was no significant difference between CON and PDN with regard to glycerol, NEFA, and BOHB at any time, although there was a nonsignificant trend for PDN BOHB levels to increase more than CON BOHB levels. Denervation assessment. Pancreatic norepinephrine levels were measured in freeze-clamped pancreas at the end of the study to assess sympathetic denervation (n ϭ 6 per group). Tissue norepinephrine in PDN (21,547 Ϯ 11,273 pg/g tissue) was found to be only 4% of CON (495,779 Ϯ 68,016 pg/g tissue), suggesting a 96% denervation. Liver norepinephrine levels were also measured in two CON and two PDN dogs to ensure that the pancreatic denervation procedure had not decreased liver innervation. The data confirmed that the hepatic norepinephrine content in the PDN dogs was not reduced.
Parasympathetic denervation was assessed by measuring arterial plasma PP levels. During the control period, the PP values in CON were lower than those in PDN (24 Ϯ 4 and 43 Ϯ 10 pmol/l, respectively), yet this did not reach statistical significance. Although there was a trend toward a small increase in PP in CON and a trend toward a small decrease in PDN, these changes were not significantly different from the respective basal periods. However, these changes from basal in the two groups were significantly different from each other (P Ͻ 0.05) (Fig. 7A) , indicative of decreased parasympathetic activity in PDN compared with CON.
For further activation of the PNS and thereby more thorough testing of the extent of parasympathetic denervation, insulin was infused peripherally at the end of the experimental period for 90 min in three CON and four PDN dogs to create deep hypoglycemia (ϳ2.7 mmol/l). After 45 min of deep hypoglycemia, blood was sampled, then atropine was infused for another 45 min. Because atropine blocks muscarinic acetylcholine receptors, the PP re- leased during atropine and insulin administration was considered to be independent of parasympathetic control. Therefore, the difference between the PP rise during insulin-induced hypoglycemia Ϯ atropine is the PP released in response to PNS stimulation (PP at 225 min Ϫ PP at 270 min). Figure 7B shows the results from the seven dogs that underwent this treatment. The average PP released under PNS control in response to insulin-induced hypoglycemia in PDN was 53% less than that released in CON (P ϭ 0.054).
DISCUSSION
There was a significant rise in the plasma glucagon levels and a significant fall in the plasma insulin levels in response to a mild, non-insulin-induced hypoglycemia despite cutting the extrinsic pancreatic nerves. Furthermore, the extents of the responses were not different whether the extrinsic nerves were present or absent. It therefore can be concluded that in the conscious dog, extrinsic neural input is not required for the normal responses of ␣-or ␤-cells to mild, non-insulin-induced hypoglycemia.
The present experiments showed that similar changes occurred in the plasma insulin and glucagon levels in response to non-insulin-induced hypoglycemia regardless of the presence or absence of extrinsic pancreatic nerves. 
TABLE 1
Arterial plasma epinephrine, norepinephrine, and cortisol in the control period (Ϫ40 to 0 min) and after administration of the glycogen phosphorylase inhibitor (0 to 180 min)
to create hypoglycemia (ϳ5.0 mmol/l) in 18-h fasted conscious dogs Data are means Ϯ SE; n ϭ 7 for CON and PDN. Statistical comparisons were made by two-way ANOVA with repeated-measures design. There were no significant differences between groups or within groups for any of these hormones.
The arterial and portal plasma insulin levels decreased by ϳ70% in both groups, whereas the arterial and portal plasma glucagon levels increased by ϳ50% in both groups. The changes that occurred in insulin and glucagon levels were paralleled by changes in insulin and glucagon secretion. Insulin secretion decreased to a similar minimum in both groups (from 1.76 Ϯ 0.50 to 0.34 Ϯ 0.12 pmol ⅐ kg Ϫ1 ⅐ min Ϫ1 and from 1.04 Ϯ 0.16 to 0.17 Ϯ 0.03 pmol ⅐ kg Ϫ1 ⅐ min Ϫ1 in CON and PDN, respectively). The plasma cpeptide level fell by ϳ60% in both groups, thus confirming the fall in insulin secretion. Glucagon secretion increased to a similar maximum in both groups (from 0.25 Ϯ 0.08 to 0.68 Ϯ 0.23 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 and from 0.16 Ϯ 0.03 to 0.53 Ϯ 0.17 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 in CON and PDN, respectively). It should be noted that the P-A glucagon gradient and glucagon secretion increased ϳthreefold, whereas the arterial and portal glucagon levels increased only ϳ50%. The majority of this discrepancy can be accounted for by the fact that the plasma glucagon values include ϳ15-20 ng/l of cross-reacting, nonglucagon material. The level of this cross reactant is equivalent and unchanging in all vessels, thereby providing a constant background in the artery and the portal vein. If the cross-reacting material is subtracted from the portal glucagon values, then the rise in portal glucagon is ϳ2.5-fold, a change similar to that seen with the secretion data.
Evidence exists to support the hypothesis that the SNS plays a role in regulating ␤-cell secretion during hypoglycemia, including the fact that epinephrine, norepinephrine, and sympathetic activation can inhibit insulin release (8 -11) , but clearly other factors are also involved. For instance, glucose itself is known to affect ␤-cell secretion. In vitro, however, insulin secretion does not change when the glucose concentration falls from ϳ4.5 to 0 mmol/l (6,7). This would be explained if the nervous system were involved in decreasing insulin secretion in vivo or if insulin secretion were already maximally inhibited at a glucose level of 4.5 mmol/l. Indeed, the latter explanation seems very likely, because by the time arterial plasma glucose had reached 5 mmol/l in our studies, insulin secretion was markedly reduced.
Evidence also exists to support the hypothesis that the nervous system influences ␣-cell secretion, including the fact that epinephrine, SNS stimulation, and PNS stimulation all increase glucagon release (11, (13) (14) (15) . It is clear, however, that other factors control glucagon secretion as well, including glucose and insulin levels. Insulin was shown recently to inhibit in vitro glucagon secretion, most likely by activating phosphatidylinositol 3-kinase in the ␣-cell (27) . Also, because blood is known to travel from the ␤-cells to the ␣-cells, it is possible that ␤-cell products can influence the ␣-cell (28) . In that regard, a study that involved retrograde perfusion of the pancreas suggested that the ␣-cell cannot be directly suppressed by glucose in the absence of insulin (29) . It therefore remains to be determined whether it was the fall in insulin, another ␤-cell product, or the actual hypoglycemia that caused the increase in glucagon secretion seen in the present study.
In vivo data regarding the effects of the nervous system on ␣-cell secretion are seemingly discordant. It has been shown in humans that total pharmacological blockade of the autonomic nervous system does not affect glucagon secretion in response to insulin-induced hypoglycemia (30) . In addition, when pancreas transplantations were performed on patients with type 1 diabetes (who thus lack an intact extrinsic PNS), the glucagon response to hypoglycemia was significantly greater than that in nontransplanted patients with diabetes and was similar to the response in control subjects (31, 32) . Furthermore, it has been shown that pancreatic islet autotransplantation into the peritoneal cavity of dogs, after total pancreatectomy, results in a glucagon response to hypoglycemia that is not different from the control dogs (33) . These data are in contrast with other in vivo studies that showed that the nervous system controls ␣-cell release (16 -19,34) . For instance, infusion of glucose to the head to create cerebral euglycemia at a time when the periphery was hypoglycemic resulted in an inhibition of the glucagon response by Ͼ75% (34). Another study showed that insulin-induced hypoglycemia in conscious rats elicited an increase in glucagon with or without pharmacological blockade of either muscarinic or adrenergic receptors (17) . However, when both muscarinic and adrenergic receptors were blocked simultaneously, the glucagon response to the insulin-induced hypoglycemia was significantly lower than in the other groups (17) . This led to the proposal that the discrepant results between investigators is because the parasympathetic and sympathoadrenal nervous systems act redundantly in controlling glucagon release (17) . Another possible explanation for the discrepant results is that the experimental designs (anesthetized versus conscious animals; insulin-induced versus non-insulin-induced hypoglycemia) and methods used (pharmacological blockade versus mechanical blockade) were different among groups. Finally, the studies involving pancreas transplantations are difficult to interpret correctly, as the individuals have not only a new pancreas with normal islets but also an endogenous pancreas with functional ␣-cells. Because of this, it is impossible to determine whether the transplanted or endogenous ␣-cells are responding to the hypoglycemia. Substrate measurements. The blood concentrations of lactate and alanine, both of which are gluconeogenic precursors, fell similarly in CON and PDN dogs. Because glycogenolysis was inhibited by drug administration, hepatic gluconeogenesis would be expected to increase in an attempt to maintain euglycemia. The liver therefore would be expected to take up more gluconeogenic substrates, causing arterial lactate and alanine levels to fall. In support of this, we showed previously that administration of a glycogen phosphorylase inhibitor does indeed enhance gluconeogenic precursor uptake by the liver (35) .
In contrast, glycerol rose during the study in CON and PDN dogs. This suggests increased lipolysis, which is supported by the fact that the plasma NEFA level also rose. Increased lipolysis was expected because glucose and insulin, both inhibitors of lipolysis, fell after drug administration (36, 37) . It was shown previously that the increase in lipolysis was the result of the hypoglycemia, not a side effect of the drug, because maintaining euglycemia prevented lipolysis from increasing (1) . The rise in ketone production, represented by increased BOHB levels, most likely was due to increased NEFA uptake by the liver, resulting from increased plasma NEFA levels.
It is of interest to consider the possible role of the changes in substrate levels in altering insulin and glucagon secretion. NEFA and ketone concentrations increased and amino acids (represented in this study by alanine) decreased in our study. NEFA and ketones stimulate insulin secretion; thus, changes in their levels cannot explain the fall in insulin levels (7) . Amino acids also stimulate insulin secretion, such that a decline in their levels could have inhibited insulin secretion (7). However, it seems unlikely that this is the explanation for our data, considering that the blood alanine level did not fall significantly until long after insulin and glucose had fallen. Furthermore, any effect of the fall in alanine on insulin secretion most likely would have been counteracted by the changes in the levels of ketones and NEFA. Changes in blood substrate levels are also unlikely to have caused the rise in plasma glucagon levels, as glucagon secretion is stimulated by amino acids, which fell during the study, and inhibited by NEFA and ketones, which rose during the study (7, 38) . These substrate changes should, if anything, have opposed the rise in glucagon seen in response to hypoglycemia. Denervation assessment. The pancreatic SNS was successfully denervated. The pancreatic norepinephrine content in PDN was only 4% that in CON, suggesting a virtually complete sympathetic denervation. However, the extent of parasympathetic denervation was less clear. Because acetylcholine, the classic parasympathetic neurotransmitter, cannot be easily measured directly, an indirect method to assess parasympathetic innervation had to be used.
PP is a 36 -amino acid peptide secreted from pancreatic islet F-cells in response to parasympathetic stimulation (39) . It thus provides an indirect measure of PNS activity and has been shown to increase in response to insulininduced hypoglycemia in conscious dogs (21) . Mild hypoglycemia in our studies caused an insignificant rise in plasma PP levels in CON and an insignificant fall in PP in PDN. The modest, nonsignificant rise in CON suggests little involvement of the PNS in the pancreatic response to mild non-insulin-induced hypoglycemia. However, because the hypoglycemia-induced change in the PP level was small, it was difficult to determine the extent of parasympathetic denervation. For this reason, we modified the experimental design in the last seven experiments to include deep, insulin-induced hypoglycemia followed by atropine administration. The deep hypoglycemia was used to generate a large PP response, and the atropine was used to block the PNS (by blocking muscarinic acetylcholine receptors). The PP released during atropine infusion was not under PNS control and was therefore subtracted from the PP released during the deep hypoglycemia to obtain the PNS-controlled PP release. The average PP released under PNS control in the denervated group was 47% that of the control group, suggesting about a halving of the PNS response.
The question of why the PP response to deep hypoglycemia in the denervated group was larger than expected thus arises. One possibility is that the parasympathetic nerves were not completely severed during the denervation procedure. This is the most straightforward interpretation of the data, yet it seems surprising that almost half of the parasympathetic neural supply was left intact, considering that the entire pancreas was stripped of all surrounding tissues and the major blood vessels were skeletonized, and considering that SNS denervation was 96% complete.
Another possibility is that the PP released during the deep hypoglycemia, that was inhibited by atropine, is not specifically indicative of PNS activity. PP release is influenced not only by the PNS but also by short enteropancreatic reflexes, intrinsic cholinergic activity of the pancreas, and hormones such as cholecystokinin (40) . Other studies revealed that total extrinsic pancreatic denervation in dogs, achieved by autotransplantation, did not change the normal rise in PP levels in response to a meal (40 -42) , and atropine administration blocked this increase in PP (42) . Those studies suggest that atropine was inhibiting something other than the PNS that controls PP release. A likely candidate is the intrinsic intrapancreatic cholinergic network, which is independent of the spinal cord and brain. It has been shown that axons of the intrapancreatic cholinergic nerves seem to terminate in islet tissue, suggesting that they influence islet hormone secretion (43) . Finally, it is always possible that some of the rise in PP that we observed after deep hypoglycemia was released from a site other than the pancreas. PP-immunoreactive cells have been found throughout the stomach, small and large intestines, and gastric mucosa of dogs (44, 45) ; colon and rectum of rats (46); mucosa of colon and rectum of humans (47) ; and mucosa of antropyloric and duodenal regions of pigs (48) . Furthermore, extrapancreatic islets, including PP-containing cells, have been found in the duodenal wall of the rat (49) . Thus, at least part of the PP released in CON and PDN dogs may have been released from sites other than the pancreas, thereby causing an underestimation of pancreatic denervation.
Although the extent of parasympathetic denervation remains somewhat unclear according to the data obtained during the deep hypoglycemia and atropine infusion, other evidence from our studies indicates that the PNS is not important in the counterregulatory response. First, it should be noted that the two dogs with the smallest PP response to insulin-induced hypoglycemia, suggesting the best PNS denervation (80 and 83%), had insulin and glucagon profiles similar to the other denervated dogs. Furthermore, we performed one additional experiment in which we denervated the pancreas of a dog and performed the same experiment as previously described. However, in this instance, we also cooled the vagus nerves (by means of cooling coils placed around the vagus nerves in the neck 2 weeks earlier [50] ) to ensure PNS inactivation. In this case, the magnitudes of the fall in insulin and the rise in glucagon were similar to CON and PDN dogs, despite the fact that arterial plasma glucose did not fall to quite the same extent as in the two larger groups of dogs (Table 2) . Thus, cooling the vagus nerves in addition to extrinsic pancreatic denervation had no effect on the responses of insulin and glucagon levels to mild non-insulin-induced hypoglycemia, further indicating that the PNS does not play a role in counterregulation during mild hypoglycemia.
Taken together, our data suggest that the PNS is not important for the normal counterregulatory response to mild, non-insulin-induced hypoglycemia. First, the PP response to mild hypoglycemia was not significantly different from basal in either group, suggesting that the PNS was minimally involved in the response to mild hypoglycemia. Second, the dogs with the most complete PNS denervation had normal pancreatic responses to mild hypoglycemia, and vagal cooling did not change these responses. Our data strongly suggest, therefore, that the PNS is not responsible for the changes in insulin and glucagon secretion that we observed.
In conclusion, sympathetic denervation of the pancreas had no effect on pancreatic counterregulation in response to mild, non-insulin-induced hypoglycemia. Although the extent of parasympathetic denervation was difficult to assess, our data suggest that the PNS was not involved in the pancreatic counterregulation caused by mild, noninsulin-induced hypoglycemia. We conclude, therefore, that ␣-and ␤-cell secretion can change in response to mild, non-insulin-induced hypoglycemia in the absence of extrinsic pancreatic neural input.
